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A fundamental question in developmental biology
relates to the connection between morphological
stages and their underlying molecular activity.
Here we demonstrate that, at the molecular level,
embryonic development in five Caenorhabditis
species proceeds through two distinct milestones
in which the transcriptome is resistant to differences
in species-specific developmental timings. By com-
paring the complete protein-coding transcriptomes
of individually timed embryos across tenmorpholog-
ical markers, we found that developmental mile-
stones can be characterized by their expression
dynamics and activation of key developmental regu-
lators. This approach led us to discover the nema-
tode phylotypic stage and to show that in chordates
and arthropods it is represented as two distinct
stages, suggesting that animal body plans might
evolve by uncoupling and elaboration on formerly
synchronous processes.
INTRODUCTION
Since Aristotle, the complex process by which a metazoan
develops from a single cell to a multicellular differentiated
organism has been organized by biologists into morphological
stages. For example, in the chordate embryo, the gastrula, the
neurula, and the tail-bud constitute characteristic processes.
The appearance of these stages may hint at the modularity of
embryonic development (Arthur, 2011; Domazet-Loso and
Tautz, 2010; Gerhart and Kirschner, 1997; Kalinka et al., 2010;
Minelli, 2003; Raff, 1996; Rudel and Sommer, 2003) or, rather,
that ‘‘stages exist in the mind of the biologist, and not in the
larva’’ (Hickman, 1999) or embryo. It thus remains unclear
whether development at the gene regulatory level reflects the
stage-like processes occurring morphologically.
Development may be monitored through gene expression
analyses with mRNA levels constituting an efficient proxy for
the gene regulatory states underlying embryonic processes
(Davidson, 2006; Levine and Tjian, 2003). In particular, whole-
transcriptomic methods enable a global picture of gene expres-
sion levels throughout development (Arbeitman et al., 2002;
Baugh et al., 2003; Mathavan et al., 2005; Xie et al., 2010).
Beyond each gene’s temporal and spatial expression specificity,Developmthe evolutionary pressures impinging upon a gene’s expression
can additionally be derived through species comparisons (Irie
and Kuratani, 2011; Kalinka et al., 2010; Sobral et al., 2009; Xie
et al., 2010; Yanai and Hunter, 2009; Yanai et al., 2011). In partic-
ular, the Drosophila extended germband stage, generally
thought to be the arthropod phylotypic period, has been recently
shown to exhibit elevated levels of expression conservation
across six Drosophila species (Kalinka et al., 2010). The evolu-
tionary age of genes has also been considered alongside the
time of developmental expression, implicating the phylotypic
period as an ancient conserved process (Domazet-Loso and
Tautz, 2010).
To investigate the relationship between morphology and gene
expression, we have developed an approach that takes advan-
tage of the fact that different organisms develop at different
rates. We queried for embryonic markers between which gene
expression relationships are unaffected by variations in develop-
mental timings. To achieve this, we mapped the embryonic
expression profiles of all genes in five nematode species using
custom species-specific microarrays, providing a picture of
expression changes along the entirety of nematode embryo-
genesis from the maternal transcriptome to the first larvae.
Our analysis revealed distinct embryonic stages—which we
term ‘‘milestones’’—whose transcriptomes are independent of
time differences across species. Furthermore, the milestones
corresponded to lulls in expression changes across species
followed by transitions accompanied by bursts of expression.
We propose that one of these milestones corresponds to
the nematode phylotypic stage and describe its evolution
across phyla. Our view of development by milestones allows
for a more complete understanding of how the functional organi-
zation of the embryo has influenced the evolution of animal
morphology and diversity.
RESULTS AND DISCUSSION
Developmental Gene Expression Time Courses across
All Genes for Five Caenorhabditis Species
To examine the relationship between morphological stages and
their underlying molecular activity, we compared the transcrip-
tomes of five nematode species developing at different rates,
with the assumption that when the relationship is present tran-
scriptomes at a developmental stage will be similar across
species regardless of the time between them. We chose ten
nematode developmental stages ranging from the 4-cell stage,
which comprises mostly maternal transcripts, to the free-living
first juvenile (L1) stage. The intermediate stages chosen wereental Cell 22, 1101–1108, May 15, 2012 ª2012 Elsevier Inc. 1101
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Figure 1. The Embryonic Transcriptomes of Five Caenorhabditis Species
(A) Micrograph images of the ten developmental stages examined in this study for each of the Caenorhabditis species. The phylogenetic relationship among the
species based upon genomic sequences is indicated on the left.
(B) A comparison of the rates of development of the five species. The timings of the examined stages for each of the species are indicated as minutes past the
4-cell stage. See Figure S1A for additional data.
(C) The expression profiles of 6,790C. elegans genes with a range >2 log10 units across the ten values were clustered into 20 recurring patterns summarized in the
right plot as the average of all genes in each pattern. The three plots on the left show profiles of individual genes with the three distinct expression profiles. For this
display, gene and summary profiles are standardized by subtracting the mean and dividing by the standard deviation. Figure S1B shows the corresponding
patterns detected in the other four species.
(D) Comparative expression profiles for six orthologous groups. The name of the C. elegans ortholog is indicated. The plots are shown as Gaussian fitted plots
(Rasmussen and Williams, 2006) (Figure S1J). The expression profiles are colored according to species using the same coloring scheme as in (A and B). The
dashed line indicates a gene duplicate.
See also Table S1.
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Developmental Milestones Punctuate Gene Expressioncharacterized by easily identifiable phenotypic markers, such
as the fourth division of the AB-cell lineage or morphological
markers, for example, the comma stage (Sulston et al., 1983)
(Figure 1A).
C. elegans and the four other Caenorhabditis species used in
this study last shared a common ancestor at least 30 million
years ago (Cutter, 2008), yet the complete embryonic cell lineage
of C. elegans is near-identical to C. briggsae (Zhao et al., 2008),1102 Developmental Cell 22, 1101–1108, May 15, 2012 ª2012 Elseviaswell as toC. remanei andC. brenneri (N.Menar, K. Martin, and
R. Schnabel, personal communication), and most likely also to
C. japonica because the lineage pattern extends to distant
nematode clades, such as Ascaris (Mu¨ller, 1903; Skiba and
Schierenberg, 1992; Sulston et al., 1983). Despite these similar-
ities, the species exhibit differences in terms of their mode of
reproduction, global distributions, and rates of development
(Kiontke et al., 2004) such that the embryonic timings of eacher Inc.
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Figure 2. Differential Rates of Embryonic Gene Expression Are Organized into Major Waves of Regulation
(A) The number of C. elegans genes significantly upregulated (p < 0.01, t test, N = 3, triplicates across one probe per gene) normalized by the number of minutes
between stage transitions.
(B) A boxplot summarizing profiles created as in (A) for each species. The horizontal line in each boxplot indicates the median value, and the edges of the boxes
are the 25th and 75th percentiles. See Figure S2B for the individual species plots.
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Developmental Milestones Punctuate Gene Expressiondevelopmental stage vary with respect to C. elegans on average
by 22% across the other four species (Figure 1B; Figure S1A
available online).
To compare the transcriptomes of these five species, we iso-
lated precisely staged embryos from each of the ten stages.
Cohorts of staged embryos were collected for each species at
and around each developmental stage to overcome individual
effects (see Experimental Procedures). Total RNA was ex-
tracted, amplified by in vitro transcription and hybridized onto
custom-designed species-specific microarrays. The quality of
the data was confirmed by technical and biological replicates,
internal controls by using multiple probes for each gene,
comparison to previously published data, and confirmation
by high-throughput RNA sequencing (Figures S1C–S1J and
Table S1). The resulting transcriptomes reveal dynamic gene
expression profiles across development. For example, 6,790
C. elegans genes were found to be dynamically expressed
across the ten sampled stages. The corresponding expression
profiles could be clustered into 20 distinct developmental
expression clusters (Figure 1C). The patterns show consecutive
waves of gene expression throughout development in addition to
a class of clusters in which expression decreases. Figure 1D
shows a comparison of the gene expression profiles for six
orthologous groups across the developmental stages in which
C. elegans profiles are conserved in the other species.
Caenorhabditis Species Show Similar Uneven Patterns
of Expression Dynamics
We initially examined the dynamics of gene expression across
stages to ask whether expression turnover is continuous across
developmental time in C. elegans as previously reported (Baugh
et al., 2003) or if the dynamics depend upon time (Bozinovic
et al., 2011). To determine this, we computed the number of
genes significantly upregulated (p < 0.01, t test) between adja-
cent stages and normalized by the number of intermittent
minutes. A steady-state model of development predicts as
many genes up- and down-expressed between any two tran-Developmscriptomes, yet we found an uneven pattern of expression
change among the C. elegans stages (Figure 2A). We next
repeated this analysis in the other four species and found
a similar oscillatory pattern. The number of genes downregulated
shows a similar pattern with the exception of amassive decrease
in expression during the transition from stage two to three and
three to four (Figure S2A), which is most likely attributed to the
degradation of the maternally deposited transcripts. Interest-
ingly, we found that entry into stages 3 (gastrulation) and 7
(ventral enclosure) is followed by a more than 2-fold acceleration
in the number of expressed genes per minute (Figure 2B). These
‘‘bursts’’ of expression suggest that stages 3 and 7 are distin-
guished in terms of the number of transcripts being upregulated
per minute during their transitions relative to the stages that
follow.
Developmental Milestones Exhibit Time Independence
with Respect to Their Expression Divergence
As a second metric for change in gene expression throughout
development, for each pair of stages, we computed the expres-
sion ‘‘divergence,’’ defined as unity minus the correlation coeffi-
cient between their transcriptomes (1  R). Figure 3A shows
a heatmap of such divergences for theC. elegans developmental
transcriptome. This map reveals that adjacent stages are more
similar than temporally distant stages, reflecting the progression
of development. The map also defines four clusters of stages
within which transcriptome variation is low: the maternal tran-
scriptome, the gastrulation transcriptome, the morphogenesis
transcriptome, and the juvenile transcriptome. Qualitatively
similar relations were found for the other species (Figure S3A).
The divergence metric allowed us to ask whether pairs of stages
show a correlation between elapsed time and the transcriptomic
change between them, across the same stage pairs for all
five species. For example, between stages 3 and 4 there are
130 min in C. brenneri but only 35 min in C. japonica. Corre-
spondingly, we found more transcriptome divergence in
C. brenneri than inC. japonica between these stages (Figure 3B).ental Cell 22, 1101–1108, May 15, 2012 ª2012 Elsevier Inc. 1103
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Figure 3. Differences in Timing between Stages across Species Are Not Always Correlated with Transcriptomic Changes
(A) Heatmap of expression divergences among the ten C. elegans transcriptomes for the dynamically expressed orthologs (see Experimental Procedures). All
three replicates are shown independently for each stage. Expression divergence is computed as 1  R (where R is Pearson’s correlation coefficient).
(B) For each of the noted paired-stages, for each of the five species, average expression divergence is shown between stages as a function of the elapsed time
between them. The boxes in bold highlight stage comparisons showing a lack of correlation between divergence and timings. Error bars indicate the standard
deviations across the biological and technical replicates (probes). Stars (*) indicate correlations with p < 0.05.
(C) A summary of the correlations shown in (B). Arrows indicate the comparisons highlighted in (B).
(D) Transcriptomes in the space of the first two principal components (comprising 64% of the total variation).
(E) Average cross-species distance between the transcriptomes of each stage (across replicates and species), as measured by the Euclidean distance in the
space of the two principal component dimensions shown in (D). Significant differences across adjacent stages were determined using the Kolmogorov-Smirnov
test (*p < 102; **p < 104; ***p < 108). A second-order polynomial was fitted to the mean distances. In the boxplots, the circle indicates the mean, the horizontal
line indicates the median, and the edges of the boxes are the 25th and 75th percentiles.
(F) Correlation between transcriptomic distance in the PC1&2-space with developmental time for each of the stage comparisons.
See also Figure S3.
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Developmental Milestones Punctuate Gene ExpressionThus, there is a time-dependent transcriptomic divergence
between stages 3 and 4.
In applying this analysis to stages 3 and 7, whichwe previously
found to exhibit distinguishable characteristics in their expres-
sion dynamics, we discovered that these stages also exhibit
time-independence with respect to their expression divergence1104 Developmental Cell 22, 1101–1108, May 15, 2012 ª2012 Elsevi(Figures 3B, 3C, and S3B). Intermediate stages show a correla-
tion between time and divergence, but this correlation is lost
upon entry into stages 3 and 7. We therefore concluded that
these stages meet our time-independence criterion and should
be viewed as developmental milestones, whereas intermediate
stages may be seen as transitions.er Inc.
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Figure 4. Functional and Evolutionary Analysis of the Nematode Embryonic Transcriptome
(A) Enrichments for functional categories were computed for the clusters of upregulated genes summarized in the plots on the horizontal axis (species indicated
by the colors as in Figure 1A). Significant enrichments in tissue specific expression, Gene Ontology terms, and protein domains are shown as rectangular boxes.
Each box of enrichment represents an enrichment of p < 105. Colors indicate tissue type: neurons (orange), muscle (red), intestine (green), gene ontology
categories (light green), and domains (blue). The full enrichment results are shown in Figures S4A–S4D and the specific genes are given in Table S2. spec.,
specification; diff., differentiation; s.t., signal transduction.
(B) Enrichment values for RNAi phenotype categories shown in the same format as in (A). Only categories with at least one instance of p < 105 are shown.
(C) Comparison of the C. elegans developmental transcriptome with that of the Xenopus tropicalis transcriptome. The average expression profiles of clusters of
upregulated genes are shown on the bottom for C. elegans and on the left for X. tropicalis. For X. tropicalis, the previously published time course was used (Yanai
et al., 2011). For each element in thematrix, the overlap was assayed for enrichment as in (A and B; see Experimental Procedures). The functional enrichments for
the genes forming the set bounded by the red and blue boxes are shown in Table S3. Xenopus images are taken from Nieuwkoop and Faber (1994).
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Developmental Milestones Punctuate Gene ExpressionWe sought to validate this result using an independent method
and thus invoked principal component analysis on all stages and
replicates, allowing us to reduce the dimensionality of the data
set by focusing on the major sources of variation. We applied
this analysis on 2,095 expressed orthologous groups that
showed dynamic expression in all species (see Experimental
Procedures) and focused on the first two principal components,
capturing 64% of the total variation. We found that the transcrip-
tomes are not randomly disposed but rather follow a path,
which is consistent with their temporal order throughout devel-
opment, across the space mapped by the first two principal
components (Figure 3D). The location in this two-dimensional
space provides a metric for transcriptomic state, such that the
distance between transcriptomes in this space can be taken
as another formulation of the divergence between the transcrip-
tomes. Consistent with previous comparative transcriptomics
analyses (Irie and Kuratani, 2011; Kalinka et al., 2010), we found
that at stage 7, a point in midembryogenesis, the transcriptome
is most conserved (Figure 3E), providing further support for an
hourglass model of expression divergence in another phylum.
Correlating this transcriptomic distance with developmental
time, we found an oscillation across the stages (Figure 3F), as
in the previous analysis (Figure 3C). Stages 3 and 7 are at orDevelopmaround local minima (Figure 3F), where divergence of gene
expression and timing differences between species are uncorre-
lated. This provides further support for the characterization of
these developmental stages as milestones.
Evidence Suggesting that the Ventral Enclosure
Milestone Corresponds to the Nematode Phylotypic
Stage
To examine the transcriptome data at the functional level, we
classified each gene to one of nine temporal expression classes
depending upon the stage of activation and queried for enrich-
ment of diverse functional sets of genes (see Experimental
Procedures and Table S2). The resulting enrichments for the
functional classes provide a map of the modules of genes upre-
gulated during development (Figure 4A). Our enrichment anal-
ysis confirmed that genes that are activated toward stage 7
are disproportionally enriched with crucial functions, such as
key developmental processes of tissue differentiation (muscle
and neuron); protein domains, such as homeobox domains,
C2H2-type zinc fingers, immunoglobulin-like domains, colla-
gens, SH3 domains, and PDZ and PH domains (involved in
cell-cell signaling); and significant biological functions, such
as cell-cell interactions, morphogenesis, and locomotion. Theental Cell 22, 1101–1108, May 15, 2012 ª2012 Elsevier Inc. 1105
Developmental Cell
Developmental Milestones Punctuate Gene Expressionenrichment of homeobox transcription factors—known regula-
tors of anterior-posterior pattern formation—is particularly
significant (p < 1012, hypergeometric test; Figure S4C). Fig-
ure 1D shows the expression profiles of mab-5 and ceh-30,
two such factors with conserved upregulation during stage 7.
These functional enrichments suggest that the ventral enclosure
milestone (stage 7) may serve as the phylotypic stage of these
species, which has proved elusive in nematodes. The phylotypic
stage in midembryogenesis is where divergent species appear
most similar (Irie and Kuratani, 2011; Kalinka et al., 2010; Raff,
1996). Ventral enclosure (stage 7) has already been established
as a period of intense integration of cell types (Chin-Sang and
Chisholm, 2000). Our analysis further identifies a lack of a corre-
lation at this stage between expression divergences and timing
changes across species (Figures 3C–3F), where the relative lull
in expression (Figure 2B) is enriched with the upregulation of
homeobox transcription factors, characteristic of the phylotypic
stage in other phyla (Slack et al., 1993).
The phylotypic stage is important as it suggests that evolu-
tionary constraints are stronger for this stage than in earlier or
later stages (Raff, 1996). Thus, if stage 7 indeed serves as the
nematode phylotypic stage, then the genes expressed in this
stage may be enriched for knockdown phenotypes that reflect
their importance. To test this, we searched for enrichments of
all phenotypes found by RNAi screenings (Kamath et al., 2003)
across the nine temporal expression classes. Strikingly, we
found that stage 7 alone was enriched with perturbation pheno-
types, including dumpy, locomotion abnormal, morphology
abnormal, and paralysis (Figure 4B). This enrichment pattern is
consistent with the notion that the ventral enclosure stage is
the nematode phylotypic stage.
Collectively, our results provide five lines of evidence for
a nematode phylotypic stage occurring during ventral enclosure
(stage 7):
(1) A constriction of expression divergence, also observed in
the phylotypic stages of arthropods and chordates (Irie
and Kuratani, 2011; Kalinka et al., 2010) (Figure 3E);
(2) Expression of crucial developmental regulators during
this stage (Figure 4A);
(3) Enrichment of RNAi phenotypes during this stage (Fig-
ure 4B);
(4) A subsequent burst of expression (Figure 2); and
(5) Time invariance with respect to expression divergence
across stages (Figure 3).Comparisons of the Nematode Ventral Enclosure
Milestone across Phyla Reveals Significant
Conservation and Diversification
To test whether this nematode transcriptional signature is
conserved across more distant phyla and is perhaps a general
characteristic of Bilaterian embryogenesis, we examined the
embryonic transcriptome of the amphibian Xenopus tropicalis.
A recent X. tropicalis data set (Yanai et al., 2011) was designed
using the same probe selection strategy, platform, and internal
controls, allowing for a meaningful comparison with our
C. elegans data set. We examined genes that were upregulated
in X. tropicalis during the gastrulation, neurulation, postneurula-
tion, tail-bud, and post-tail-bud stages (Figure 4C). We assigned1106 Developmental Cell 22, 1101–1108, May 15, 2012 ª2012 Elsevieach dynamically expressed gene to a particular stage, delin-
eated orthologs across the two species, and computed the
statistical enrichment of the overlap of the orthologs in each
pair of C. elegans and X. tropicalis stages (see Experimental
Procedures). The resulting pattern of enrichments is shown in
Figure 4C. Perhaps not surprisingly, the C. elegans stages
preceding stage 7 are not significantly conserved in any
X. tropicalis stage, including gastrulation. Starting, however, at
ventral enclosure (stage 7), C. elegans upregulated genes are
enriched with genes expressed during the X. tropicalis tail-bud
stage, the chordate phylotypic stage (Raff, 1996). This significant
overlap suggests that at the transcriptional level, the phylotypic
stage is conserved across the Bilateria, as has been previously
suggested (Domazet-Loso and Tautz, 2010; Kalinka et al.,
2010; Slack et al., 1993). These genes are enriched with func-
tions in locomotion, transcriptional activity, in particular helix-
loop-helix, and hedgehog signaling (p < 105, p < 107, and
p < 108, respectively, hypergeometric test; Table S3). Expres-
sion of muscle-specific genes is also enriched among this
gene set (p < 1014), functionally uniting the previous enrich-
ments with their known role in this tissue (Ingham et al., 2011;
Massari and Murre, 2000).
Another significant enrichment of C. elegans ventral enclosure
genes occurs with genes expressed during X. tropicalis neurula-
tion, in which the neural tube is formed (Figure 4C). This stage
does not exist as such in nematodes, where neurulation and
muscle determination co-occur during ventral enclosure (Chin-
Sang and Chisholm, 2000). Interestingly, we found that this
overlap is strongly enriched for transcription factors for genes
of the homeobox and LIM superclass (p < 1012 and p < 106,
respectively; Table S3). Other groups of genes that are involved
in neuronal specification are also enriched (p < 108) in this set.
It is interesting to speculate that the transcriptional correspon-
dence between the ventral enclosure stage of the nematode
species and the tail-bud and neurulation stages of X. tropicalis
is a product of a diversification from a single ancestral milestone.
A similar pattern was detected upon comparison with a recent
Drosophila melanogaster timecourse (Graveley et al., 2011).
The genes expressed at ventral enclosure are significantly
enriched in D. melanogaster orthologs expressed during two
disparate stages with a similar pattern of gene function enrich-
ment found in the previous comparison (Figure S4E). In both
comparisons, C. elegans ventral enclosure genes are conserved
across phyla in two distinct stages. This might suggest that
the stage has subfunctionalized (Lynch and Force, 2000) into
two distinct and temporally distant stages or alternatively that
two distinct ancestral milestones became coupled in C. elegans.
Our results expose the discontinuous nature of development
through milestones—stages in which the similar morphology
across species is paralleled by a conserved underlying
molecular profile. We have provided evidence for this by exam-
ining species in which the timings of developmental markers
have evolved yet the expression divergence between them
is conserved. This ‘‘decoupling’’ criterion provides a simple
operational definition of a bona fide stage—or milestone—in
evolutionary terms and leads to the view that development is
punctuated by milestones encompassing stable states of
expression, bridged by considerable transcriptional turnover.
Furthermore, together with our X. tropicalis ander Inc.
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Developmental Milestones Punctuate Gene ExpressionD.melanogaster comparison, we offer amodel in which develop-
ment differs across closely related organisms in the timing
between and the details of conserved stages, whereas major
phyla-level differences occur by the diversification of develop-
mental milestones.EXPERIMENTAL PROCEDURES
Embryo Collection and Sample Preparation
Strains for C. elegans (N2 strain), C. briggsae (AF16), C. brenneri (PB2801),
C. remanei (PB4641), and C. japonica (DF5081) were received from the
CGC, and their embryos were isolated and staged as described previously
(Baugh et al., 2003). The stages examined are described in the Supplemental
Experimental Procedures. Timing of the stages was determined for each
organism using live imaging and DAPI staining techniques. Minutes following
the 4-cell stage for all embryonic stages are displayed in Figure 1B (and in
more detail in Figure S1A). To overcome individual effects, 16 embryos were
collected at the average timings and pooled with 16 embryos one standard
deviation before and 16 embryos after each developmental stage. From these
48 embryos, total RNA was extracted as described previously (Baugh et al.,
2003). To this, we added RNA from a spike-in kit (Agilent, Santa Clara, CA,
USA) that included ten different species of RNA at various concentrations.
To obtain sufficient RNA for microarray analysis, RNA was amplified by two
rounds of in vitro transcription (IVT) using the MessageAmpII kit from Ambion
(Austin, TX, USA) with some modifications designed to increase the average
lengths of the amplified RNA (aRNA) populations (Yanai and Hunter, 2009).
From the first round, 20 ng aRNA was used as input for the second round of
amplification using amino-allyl modified nucleotides. aRNA was labeled with
Cy3 and hybridized onto the custom microarrays. Microarray hybridization
and washing steps were performed following the Agilent protocol for single-
channel arrays. The arrays were scanned on an Agilent scanner at multiple
laser power to maximize sensitivity. For each species for each stage triplicates
were collected.
Orthology Mapping
Orthomcl (Li et al., 2003) was invoked (with parameters p = 5 and c = 0) to delin-
eate orthologous groups. Protein sequences for the five species were retrieved
from Wormbase release 204. For proteins with multiple variants, the longest
was selected. The orthologous groups were validated using a small set of
previously manually defined orthologous relations. All comparative analyses
were carried on the 6,264 penta-orthologs (1:1:1:1:1 orthologs; see Supple-
mental Experimental Procedures).
Microarray Design
Five custom species-specific whole-genome microarrays were designed
with 44,000 features of 60-mer probes (Agilent, Santa Clara, CA, USA). All
sequences and annotations derive from Wormbase release 204. The five
microarrays were designed simultaneously with the guiding notion of a ‘‘probe
group’’ (Yanai et al., 2011); each comprising homologous probes from those
organisms possessing the gene of an orthologous group. This framework
overcomes potentially confounding effects of comparing across probes with
diverse sequence properties. Each probe was selected based upon its melting
temperature score that favors probes with amelting temperature closest to the
array average, a folding score that penalizes probes likely to undergo folding,
a low-complexity score that penalizes probes with common subsequences,
a position score that favors probes closer to the 30 end of the transcript, a sensi-
tivity score that penalizes probes likely to cross-hybridize with unintended
targets, and an evolutionary sequence conservation score that favors probes
located in conserved gene sequences. The Oligowiz software (Wernersson
et al., 2007) was used to compute the first five of these parameters and blastp
across orthologous peptide sequences was used to compute the latter metric.
The arrays were designed to comprise probes for each gene in the five
species; nevertheless, genes were ranked according to specific criteria to
ensure that themost important genes for our analysis, like transcription factors
and genes with representative orthologs in other species, have a ‘‘probe
group’’ comprised of three probes across the five species.DevelopmNormalization of the Expression Data
Microarray signals were normalized to account for different RNA amounts
present throughout development, using the spike-in data. First, the log10
microarray data was normalized such that signals for one of the spike-ins
(E1A_r60_a20) with a log relative concentration of 3.83 had the same values
across all samples (Figure S1I). Next, as done previously (Yanai et al., 2011),
the log10 expression data were normalized by linearly interpolating to concen-
trations using the ten spike-in measurements for each sample. To summarize
the replicate data for each gene, the mean for the nine values (three replicates
across three probes) at each time point was computed. The 2,095 dynamically
expressed orthologs were defined as those for which the expression of each
ortholog across the five species was among the 4,000 most dynamic (greatest
range between the ten values) in that species. The complete data set and array
platforms have been deposited in the Gene Expression Omnibus with acces-
sion codes GSE31422, GPL14142, GPL14143, GPL14144, GPL14145, and
GPL14146.
Functional Enrichment Analysis
To examine the transcriptome data at the functional level, we analyzed the
expression patterns of groups of functionally related genes. We retrieved
gene sets of diverse levels of annotations. These included gene ontology
annotations (Reference Genome Group of the Gene Ontology Consortium,
2009) and protein domains using PFAM (Finn et al., 2010) and Interpro (Jones
et al., 2011) annotations. We further examined enrichments for a set of func-
tional genes we curated from the literature (Table S2). To score enrichments
for significance, we used the hypergeometric cumulative distribution function
to calculate enrichment of different functional categories across the upregu-
lated gene clusters.
Clustering of Activated Genes between Successive Stages
For the functional enrichment, we classified each gene belonging to a 1:1:1:1:1
orthologous cluster to one of nine temporal expression classes, depending
upon the stage of activation (Table S2). For each pair of successive stages,
we asked which genes show an increase in expression of at least 0.2
(log10 units) across all five species.
Xenopus Expression Comparison
Genes were assigned to distinct stages by supervised clustering. An idealized
profile corresponding to each stage (zero prior and one at and after) was corre-
lated with each gene’s expression, and the profile best correlating was
assigned to that gene. Genes with less dynamics than 1.5 between extremes
and with a maximum less than 2.5 were excluded from analysis. The Xenopus
tropicalis transcriptomewas consolidated into six time points: stage 2, and the
averages of stages 8, 9, and 10 (gastrulation), 12 and 13, (neurulation), 14, 16,
18, 20 (postneurulation), 23 and 25, (tail-bud), and 30 and 33 (post-tail-bud).
The same supervised clustering was applied to C. elegans and X. tropicalis.
Orthologs were retrieved from the Ensembl database (Flicek et al., 2011).
Enrichments were computed as for the functional analysis using the hypergeo-
metric distribution.
SUPPLEMENTAL INFORMATION
Supplemental Information includes four figures, three tables, and Supple-
mental Experimental Procedures and can be found with this article online at
doi:10.1016/j.devcel.2012.04.004.
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